From February 2011 to September 2012, PM 1 samples were collected at the regional background station of Mt. Aitana, located near the eastern coast of the Iberian Peninsula at 1558 m a.s.l. Samples were subsequently analyzed to determine the major chemical composition (elemental and organic carbon, secondary inorganic ions and oxalate). The seasonal patterns of the concentrations of PM 1 and its main components and the influence of long-range transport of dust from the Sahara desert were studied in this work. PM 1 was mainly composed of organic matter and ammonium sulfate, while EC and nitrate were minor components. Concentrations ranged from 3.4 µg m -3 in winter to 5.8 µg m -3 during summer. This seasonal cycle is typical of high mountain sites, which are generally above the planetary boundary layer during winter time. All the analyzed components exhibited the same seasonal pattern except nitrate, which showed minimum values in summer. This is most likely the result of the decomposition of NH 4 NO 3 favored by the higher summer temperatures. Due to the close proximity to the African continent, PM 1 levels significantly increased during Saharan dust intrusions. The concentrations of sulfate were 35% higher during dust events since the formation of secondary ammonium sulfate is favored by heterogeneous reactions on the surface of mineral particles.
INTRODUCTION
The effects of atmospheric aerosols on human health, climate, ecosystems, visibility, and building materials are now well-established (Horemans et al., 2011; Solomon et al., 2012; IPCC, 2013; Liu et al., 2014; Eliseev, 2015) . The magnitude of the impacts is strongly linked to particle size and composition, as both size and composition determine the region of the respiratory system where the particles are deposited, as well as the chemical, toxicological and optical properties of aerosols (Cheng et al., 2008; Li et al., 2016) .
The size and composition of particles depends on the multiplicity of emission sources, both natural and anthropogenic, the physical and chemical processes that lead to their formation, and the atmospheric transport and dispersion conditions. Since all these factors vary substantially with time and space, the complex scientific knowledge behind all these processes still contains many gaps. Regional background stations provide the opportunity to study aerosol formation and transformation processes in the lower troposphere without the interference of local anthropogenic emissions. Additionally, when these stations are located at high elevations, they are especially suitable for identifying natural and anthropogenic aerosols transported over long distances (Marenco et al., 2006; Babu et al., 2011; Nicolás et al., 2014; Moroni et al., 2015) .
During the last decade, an increasing number of studies on aerosol properties have been performed at high altitude locations across Europe, such as Switzerland (Jungfraujoch, 3580 m a.s.l.; Cozic at al., 2007; Sjogren et al., 2007) , France (puy de Dôme, 1465 m a.s.l.; Sellegri et al., 2003; Freney et al., 2011) or Italy (Mt. Cimone, 2165 m a.s.l.; Van Dingenen et al., 2005; Marenco et al., 2006) . In eastern Spain, two highaltitude stations have been recently established in order to study aerosol dynamics in the western Mediterranean basin. One of them was located at Mt. Montsec (in northeastern Spain, 1570 m a.s.l.; Ripoll et al., 2014) , while the other was placed at Mt. Aitana, approximately 400 km south (1558 m a.s.l.; Nicolás et al., 2014) . To date, the study on aerosol chemical speciation at regional background sites in the western Mediterranean is limited to the works by Ripoll et al. (2015a, b) at the Montsec station, located 140 km from the city of Barcelona. This work is aimed at studying the factors affecting the chemical composition of PM 1 at Mt. Aitana. These data can represent the chemical composition of western Mediterranean aerosols either in the upper part of the planetary boundary layer (PBL) or in the lower part of the free troposphere, depending on meteorological conditions.
METHODS

Sampling Location
Mt. Aitana (38°39′N; 0°16′W; 1558 m a.s.l.) is the highest peak of the Betic Cordillera located in the southeast of the Iberian Peninsula, 16 km from the nearest Mediterranean coast (Fig. 1) . The sampling station was placed within a military area (EVA no. 5) belonging to the Spanish Ministry of Defense. There are some small villages (< 100 inhabitants) spread sparsely over the mountain range. Thus, local anthropogenic emissions are very scarce. Although the most populated city (Alicante, 335,000 inhabitants) is less than 40 km south of the sampling site, the complex orography of the terrain complicates the transport of pollutants from the major coastal urban nuclei to the top of the mountain range .
The study region can be considered as semi-arid, vegetation consisting mainly of some pine forests, Mediterranean scrub and areas of typical Mediterranean crops such as almond and olive trees.
Sampling and Analysis
Between February 2011 and September 2012, twentyfour hour samples were collected every three days by means of a high-volume sampler (MCV, 720 m 3 day -1 ) equipped with a PM 1 cut-off inlet. Quartz fiber filters (150 mm; Pallflex) were used as substrates for the collection of atmospheric aerosol samples. Sampling started at 00:00 UTC each day. A total of 161 samples were collected and analyzed during the measurement period.
PM 1 mass concentrations were obtained gravimetrically using an electronic balance (Ohaus, Model AP250D) with 10-µg sensitivity. All filters were conditioned for at least 24 h prior to weighing at a relative humidity of 50 ± 5% and temperature of 20 ± 1°C. After weighing, the filters were stored in the fridge at 4°C until chemical analysis.
Two punches of 15 mm diameter of each filter were extracted with 15 mL of ultra-pure water in an ultrasonic bath for 20 min, followed by warming at 60°C for about 6 h. The extracts were subsequently analyzed by ion chromatography for the determination of major anions (Cl − , NO 2+ and Ca 2+ a significant number of samples showed concentrations below the detection limit and therefore are not included in this paper. To determine organic and elemental carbon concentrations punches of 1.5 cm 2 area from the filters were separately analyzed with a ThermalOptical Carbon Aerosol Analyser by Sunset Laboratory. Details of the analytical procedures are given in . 
Meteorological Data and Identification of Saharan Dust Intrusions
Temperature, solar radiation, relative humidity, rainfall, wind speed and wind direction were continuously monitored by a meteorological station located at the sampling site.
Mixing layer heights were estimated at Mt. Aitana by using the tools provided by NOAA-ARL available at: http://www.arl.noaa.gov/ready/amet.html.
The identification of African dust events was performed using different tools such as back trajectory analysis carried out using the HYSPLIT model (Draxler and Rolph, 2013) . Ninety-six-hour backward trajectories ending at 1000 m above ground level were computed at an interval of every 6 hours during the study period. The forecasts of the Dust REgional Atmospheric Model (DREAM) and the Navy Aerosol Analysis and Prediction System (NAAPS) model were also used. The first is a regional model designed to simulate the atmospheric cycle of mineral dust (Nickovic et al., 2001 ). The NAAPS model, developed by the Naval Research Laboratory (NRL) in Monterey (USA) (http://www.nrlmry.navy.mil/aerosol), is a global forecast model that predicts the concentrations of several aerosol types in the troposphere. A governmental database with information on Saharan dust episodes detected in Spain was also consulted (http://www.magrama.gob.es/es/calidady-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire /calidad-del-aire/gestion/anuales.aspx).
RESULTS AND DISCUSSION
Meteorological Characterization
The seasonal variation of a number of meteorological parameters is plotted in Fig. 2 . Winter was from December to February, spring from March to May, summer from June to August, and fall from September to November.
Average temperatures ranged from 3°C in winter to values close to 20°C during the summer season. The highest variability was observed in spring due to the low temperatures usually registered in early spring (March), which were similar to winter values. Seasonal mean values of relative humidity were minima in summer (53%) and maxima in winter and fall (~70%). Solar radiation intensity, especially during summer (292 W m -2 ), was higher than that measured on the coast (~270 W m -2 ; Galindo et al., 2013) . Wind speed was lowest during summer months (4.2 m s -1 summer mean) and showed fewer variations than in the other seasons of the year. Seasonal wind roses generated using the openair package (Carslaw et al., 2012) are shown in Fig. 3 . During summer, local winds are mainly from the coast, while in winter winds primarily blow from the northern quarters with prevailing NNW direction. During the transient seasons (spring and fall), a change from winter to summer type conditions occurs, with the prevailing winds from the NE and SW sectors.
Accumulated precipitation during 2011 and 2012 was around 700 and 600 mm, respectively. Similar precipitation rates were obtained at another regional background site in Spain, Mt. Montsec, which is located at a similar altitude, but at a higher latitude (Ripoll et al., 2014) .
The diurnal variability of the mixing height calculated in the Mt. Aitana area during summer and winter is presented in Fig. 4 . In the warmer months, the mountain summit is mostly within the PBL during the central hours of the day (~70% of days, Fig. 4 (c)) so polluted air masses from coastal urban areas can be advected to the measurement site. In contrast, during winter the station resides most of the time in the free troposphere (~70% of days, Fig. 4 (c)) and hence is much less influenced by regional pollution.
PM 1 Average Levels and Composition
Summary statistics for PM 1 and its major components are presented in Table 1 . It is important to point out that there are few studies on PM 1 aerosols at high altitude sites. Additionally, sampling campaigns were not always carried out during the same period of the day or the same season of the year, making it difficult to compare measurements. For these reasons, when data on other PM fractions are available for different locations, the values have been used for comparative purposes.
The PM 1 concentration averaged for the whole study period was of the same order than that found at the Montsec site (5 µg m -3 three-year average) and lower than the value obtained at Montseny (8 µg m -3 ). The Montseny Spanish station is located closer to urban areas than Montsec, as well as at a considerably lower altitude (720 m a.s.l.) and, therefore, it is commonly within the planetary boundary layer (Ripoll et al., 2014) . The value was also lower than that reported for other stations in central Italy like Mt. Cimone (2165 m a.s.l., 7.1 µg m -3 summer average; Marenco et al., 2006) or Mt. Martano (1100 m a.s.l., 7.4 µgPM 1.3 m -3 and 9.0 µgPM 1.3 m -3 winter and summer averages, respectively; Moroni et al., 2012) . These stations are often under the influence of emissions in the Po Valley, one of the most industrialized regions in Europe. Alternatively, the mean value obtained in this study was significantly greater than PM 1 concentrations measured at sites located at considerably higher altitudes like the Jungfraujoch high alpine station (3580 m a.s.l., 1.7 µg m -3 and 2.5 µg m -3 winter and summer averages, respectively; Cozic et al., 2008) or the Nepal Climate Observatory-Pyramid located in Southern Himalayas (5079 m a.s.l., 1.9 µg m -3
; Marinoni et al., 2010) . Finally, the average PM 1 concentration found at Mt. Aitana was slightly higher than that observed at puy de Dôme (3.9 µg m -3 , annual average), located at similar altitude in central France (Bourcier et al., 2012) .
The main constituent of PM 1 at Mt. Aitana was organic matter (OM, 3.1 µg m -3 ), accounting for more than 60% of the total mass. The organic content was calculated by multiplying OC concentrations by a factor of 1.8, as suggested in the literature for high altitude sites Sandrini et al., 2014) . The second most abundant component was ammonium sulfate (1.20 µg m -3 ), which contributed 26% to the average PM 1 concentration. The sulfate to ammonium mass ratio (2.56, Fig. 5(a) ), very similar to the expected ratio of 2.66 for (NH 4 ) 2 SO 4 , indicates that all sulfate was neutralized by ammonium. The average sulfate concentration obtained in this study was comparable to the value found at Montsec (Ripoll et al., 2015b) , which suggest the existence of a regional background concentration of this compound of around 0.9-1.0 µg m -3 in the western Mediterranean basin. EC concentrations were extremely low, as expected from its exclusively anthropogenic origin. Regarding nitrate, it was also a minor contributor to PM 1 levels. Submicron nitrate aerosols are generated from the atmospheric oxidation of nitrogen oxides with OH radicals and subsequent neutralization with gaseous ammonia. Since traffic, the main source of NO x , is extremely scarce in the surroundings of the sampling site, the formation of NH 4 NO 3 is very limited, especially in summer due to the thermal instability of this compound. Additionally, the transport of pollutants from the nearest coastal urban areas is complicated due to orographic factors. This is particularly important in winter, when the mountain summit is commonly above the PBL. Oxalate, one of the most abundant water-soluble organic compounds, showed a moderate correlation with sulfate ( Fig. 5(b) ), suggesting an aqueous formation pathway of oxalic acid (Craham et al., 2004) . The average C 2 O 4 2-/SO 4 2-mass ratio was similar to that found in the marine atmosphere (0.05) and lower than the value characteristic of urban environments (~0.1; Anlauf et al., 2006) .
Seasonal Patterns of PM 1 Components
The seasonality of PM 1 and its main chemical components can be observed in in the box-and-whiskers plots shown in Fig. 6 . The seasonal cycle of PM 1 concentrations at Mt. Aitana was characteristic of high altitude locations (Marenco et al., 2004; Cozic et al., 2008; Freney et al., 2011; Bourcier et al., 2012; Carbone et al., 2014; Ripoll et al., 2015) . The highest values were recorded during summer (5.8 µg m -3 ) while the minima were measured in winter time (3.4 µg m -3 ). The reasons for such a variation are: (1) during winter the top of the mountain is generally outside the PBL and the aerosol is typical of the undisturbed free troposphere. In fact, the winter average concentration obtained in this study was only a little higher than the value measured at Mt. Cimone during night-time (~2.4 µg m -3 three-year average; Carbone et al., 2014) , when the site is commonly outside the influence of regional or local pollution; (2) the prevailing wind directions during winter (Fig. 3) do not favor aerosol transport from the main urban areas located on the coastline, (3) the processes of wet scavenging of aerosols from the atmosphere are hindered in summer due to the absence of precipitation; (4) the increase in temperatures and solar radiation in summer months favors biogenic emissions and the formation of secondary aerosols; and (5) in summer there is a higher frequency of occurrence of Saharan and recirculation episodes that contribute to increase PM levels in the western Mediterranean basin (Galindo et al., 2011a) .
All the analyzed components showed the same seasonal pattern than PM 1 levels except nitrate, whose concentrations had a summer minimum. This variation differs from that reported for many other high altitude locations in Europe Freney et al., 2011; Moroni et al., 2012; Carbone et al., 2014) and is most likely due to the greater summer temperatures at Mt. Aitana. During the summer season, especially in July and August, mean daily temperatures at the measurement location were frequently above 20°C and therefore, the decomposition of submicron ammonium nitrate into gaseous nitric acid and ammonia was promoted. Also, it is possible that a fraction of ammonium nitrate evaporated from the filters (negative artifact). The same seasonal variation has been described at the Montsec Mediterranean station (Ripoll et al., 2015a, b) .
For the other PM 1 major components the highest concentrations were observed in summer, when the mountain top is very often below the PBL and polluted urban air masses can be advedted to the site. Moreover, meteorological factors that affect pollutant emissions and transformation processes could also account for the observed seasonal variation. Greater SO 4 2− levels during summer have also been observed in nearby urban and suburban areas as a result of increased photochemical oxidation of SO 2 (Galindo et al., 2011b; Yubero et al., 2015) . However, the seasonal variation of carbonaceous species at Mt. Aitana was different from that observed at metropolitan areas within the western Mediterranean, where the highest concentrations occurred during winter . This outcome points to enhanced transport from coastal urban areas in summer as the main reason for the observed seasonal variation of carbonaceous components. Actually, during the summer season pollutants may be transported from the major urban nuclei located along the Mediterranean coast inland by mesoscale winds dominated by sea-breezes (see Fig. 3 ). In the case of organic matter, additional factors, such as an increase in biogenic emissions and the photochemical formation of secondary organic aerosols, could also account for the higher summer concentrations Ripoll et al., 2015b) . During winter, the site is often in the free troposphere and consequently the regional pollution does not reach the station.
The chemical composition of PM 1 at Mt. Aitana during spring, summer and autumn was quite constant compared to other elevated sites in Europe (Freney et al., 2011; Carbone et al., 2014) . The contribution of organic matter was approximately 65%, whereas sulfate and ammonium accounted for about 20% and 8%, respectively, of the total mass of PM 1 . In contrast, during winter time OM made up 78% of PM 1 while the joint contribution of sulfate and ammonium decreased to 15%. Regarding nitrate, its contribution ranged from less than 1% in summer to almost 4% in winter. The spring and summer composition of PM 1 aerosols was fairly similar to that described for other high altitude locations like Mt. Cimone (Carbone et al., 2014) , puy de Dôme (Freney et al., 2011) or Jungfraujoch , except for the much lower contribution of nitrate at our sampling site. The largest divergences in the composition of PM 1 between different high altitude sites in Europe were observed in winter, as already pointed out by Carbone et al. (2014) .
The Impact of Saharan Dust Intrusions
North African dust outbreaks are quite frequent across the Mediterranean Basin, especially at more southern sites where the occurrence is between 30 and 37% of the annual days (Pey et al., 2013) . These events, which have a greater impact on aerosol concentrations at higher altitudes, show a clear prevalence in the warmer seasons. Fig. 7 presents the cluster analysis of backward trajectories calculated by the HYSPLIT model for the study period. The site was exposed to air masses coming mainly from the Atlantic, central Europe and northern Africa. As expected, Saharan dust episodes were much more frequent in summer (the occurrence of air masses coming directly from northern Africa during this season was 30%). Although the coarse fraction of PM is more affected than the fine and submicron fractions, significant increases in PM 1 and PM 2.5 levels has been observed at high altitude sites during Saharan events (Collaud Coen et al., 2004; Ripoll et al., 2014; Moroni et al., 2015) . During the measurement period, 38 sampling days were under the influence of air masses coming from northern Africa and 34 of these days occurred during spring and summer. Table 2 presents average concentrations of the analyzed species and meteorological parameters during non-event days and intrusion days for the spring-summer period. In order to obtain a more accurate estimation of the influence of Saharan dust outbreaks, those days with an accumulated precipitation higher 1 mm were removed from the dataset.
The PM 1 average concentration during African events was significantly higher than the mean concentration obtained on non-event days, which is in agreement with the results obtained at Montsec (Ripoll et al., 2014 (Ripoll et al., , 2015a . However, the influence of these episodes seems to be higher at the measurement location than at other elevated sites in Italy (Carbone et al., 2014) and central Europe (Salvador et al., 2010; Freney et al., 2011) . The reason could be that Mt. Aitana is closer to the African continent.
Saharan intrusions increased sulfate concentrations nearly 35%, which is the largest relative increase among the quantified species. PM 1 sulfate can actually be formed by oxidation of SO 2 on the surface of submicron dust particles and successive reaction of generated sulfuric acid with ammonia. The higher surface area of submicron particles compared to coarse particles would favor this process, as already observed in the study area (Galindo et al., 2013 ). An additional reason for this increase in ammonium sulfate levels is that Saharan dust plumes often arrives to the western Mediterranean just after recirculation events. These episodes, characterized by air masses trapped and nearly stagnant over the sea during summer, favor the photochemical formation of secondary pollutants under strong insolation conditions (Millán et al., 2002) . OC and NH 4 + showed relative increases of about 20% during Saharan events. The lower increase in ammonium concentrations relative to sulfate concentrations could be partly due to the volatilization of particulate NH 4 NO 3 under warmer conditions (the average temperature was more than 40% higher on days under the influence of Saharan dust intrusions). This outcome differs from that obtained at other high altitude sites such as Montsec (Ripoll et al., 2015a) and Jungfraujoch (Collaud Coen et al., 2004) , where an increase of PM 1 nitrate has been observed during north African episodes. Regarding organic matter, the higher values measured during these events could be due to an increase in secondary organic compounds formed by reactions during transport of the African dust plumes (Carbone et al., 2014) . In previous works performed at elevated sites in Europe, high concentrations of carbonaceous species such as OC and EC (Salvador et al., 2010) or black carbon (Ripoll et al., 2014) were associated to air masses coming from northern Africa. This has been attributed to the transport of anthropogenic pollutants emitted in the Mediterranean basin and northern Africa. At our sampling site, this appears less probable since a concurrent increase of EC and OC during Saharan events has not been observed. 280 303 * Average values on intrusion and non-intrusion days were statistically different at the 95% confidence level.
CONCLUSIONS
The concentrations of PM 1 measured at a high mountain location in southeastern Spain were similar to the values reported for other Spanish regional background stations (~5 µg m -3 ) but lower than those found in elevated sites within the Po Valley, in Italy, one of the most polluted areas in Europe. This indicates that PM levels at high mountain sites are influenced by the degree of anthropogenic pollution in the region.
Organic matter and ammonium sulfate were the major contributors to PM 1 mass, while EC and nitrate, largely related to local sources, were minor components. Actually, nitrate concentrations were significantly lower than those measured at other elevated sites in Europe. The most probable reasons are, on the one hand, that pollutant transport from coastal urban areas is difficult due to the complex orography of the terrain and, on the other hand, that the thermal decomposition of ammonium nitrate is more favored at the sampling site due to higher ambient temperatures, especially during summer. This was also supported by the different seasonal cycle of nitrate concentrations compared to other European high mountain stations.
PM 1 levels showed a well-defined seasonality, with maximum values in summer and minimum during winter time. The fact that the station is most of the time outside the PBL during winter is probably the main reason for this, since the seasonal trend in OC concentrations was opposite to that found in metropolitan areas nearby the measurement station. Nevertheless, other factors such as the higher frequency of Saharan dust events during the warm months could also contribute to the higher summer concentrations. In fact, a statistically significant increase in the concentrations of PM 1 and its main components (OC and SO 4 2-) was observed during African episodes. This was most likely due to the formation of secondary compound during the transport of the dust plumes since a simultaneous increase in primary pollutants (EC) was not observed.
